A novel and robust projection from y-aminobutyric acid-containing (GABAergic) inferior colliculus neurons to the medial geniculate body (MGB) was discovered in the cat using axoplasmic transport methods combined with immunocytochemistry. This input travels with the classical inferior colliculus projection to the MGB, and it is a direct ascending GABAergic pathway to the sensory thalamus that may be inhibitory. This bilateral projection constitutes 10-30% of the neurons in the auditory tectothalamic system. Studies by others have shown that comparable input to the corresponding thalamic visual or somesthetic nuclei is absent. This suggests that monosynaptic inhibition or disinhibition is a prominent feature in the MGB and that differences in neural circuitry distinguish it from its thalamic visual and somesthetic counterparts.
The thalamus is the gateway controlling the flow of sensory information reaching the cerebral cortex (1) . The consensus is that input ascending to the primary thalamic nuclei for hearing (2) , vision (3) , and somesthesis (4) is entirely excitatory. We describe here a prominent and unexpected projection from y-aminobutyric acid-containing (GABAergic) cells in the inferior colliculus (IC) to the medial geniculate body (MGB) in the auditory tectothalamic (TT) pathway that constitutes an exception to this principle. This suggests that there is a convergence of classical excitatory and putatively inhibitory projections within the MGB and that an ascending pathway considered as neurochemically unitary in fact contains more than one channel. This striking difference in feedforward input between the auditory thalamus and other thalamic sensory nuclei is surprising since each has similar structural and intrinsic features (5-7), shared physiological properties (8) (9) (10) , analogous cortical projection patterns (11) (12) (13) , and a closely related neurochemical organization (14, 15) . The present results suggest that, despite these parallels, there must be differences in circuitry and information processing regimes within the sensory thalamus.
with isoflurane at a level that suppressed all nociceptive reflexes. All experimental procedures followed the applicable and approved institutional animal care and use protocols. Four unilateral penetrations were made using stereotaxic coordinates to target specific nuclei in various subdivisions. A total of seven, 50-nl deposits were made at 500-,um intervals along a track with a glass micropipet; the net volume was -1.5 ,lI.
The animal was reanesthetized 3 days later and perfused with PBS followed by 2% paraformaldehyde and 3% glutaraldehyde in 0.12 M PB. Vibratome sections, 50-,m-thick, were collected in 0.1 M PB and placed in blocking serum (5% normal goat serum) for 60 min. Tissue was incubated overnight at 4°C in rabbit-anti-GABA (Incstar, Stillwater, MN) diluted 1:5000 and then reacted using avidin-biotin immunoperoxidase (Vectastain, Vector Laboratories, Burlingame, CA) with diaminobenzidine as the chromagen. WAHG labeling was intensified with silver (IntenSE-M, Amersham) for light microscopy.
Retrogradely labeled (WAHG-positive) and double-labeled (WAHG-and GABA-positive) midbrain cells were plotted at five caudorostral levels on an X-Y recorder coupled to the microscope stage. Only neurons in the most superficial 1-2 ,um were analyzed since the glutaraldehyde fixation impeded deeper penetration of the immunoreagents. Neurons were plotted and counted when they contained granules of retrogradely transported material in the same superficial focal plane as the GABA immunostaining. Double-labeled cells were unambiguously GABA-positive and contained abundant black WAHG/silver granules.
Horseradish peroxidase (type VI, 10-20%; Sigma) was pressure injected unilaterally in four cats anesthetized with ketamine, xylazine, and pentobarbital. Each cat received three to six injections at multiple sites with a total volume of 1.0-4.0 ,ul/case. After 2-3 days, animals were reanesthetized and perfused with 50-100 ml of PB (0.12 M, pH 7.4) with 2% sucrose, 0.05% lidocaine, and 0.004% CaCl2, then 500 ml of buffered 0.5% paraformaldehyde and 1% glutaraldehyde, and then 1000 ml of buffered 1% paraformaldehyde and 3% METHODS We injected either of two axonally transported tracers, wheat germ agglutinin apo-horseradish peroxidase gold (WAHG) or horseradish peroxidase, in MGB nuclei in adult cats to label the projection neurons. Each tracer is incorporated into axon terminals and accumulates in the cytoplasm of the cells of origin (16, 17 tTo whom reprint requests should be addressed. e-mail: jaw@uclink4.
berkeley.edu.
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glutaraldehyde (18) . Brains were blocked and Vibratomesectioned at 60 Am. Every third section was collected in 0.12 M PB, and the horseradish peroxidase was visualized with heavy metal-intensified diaminobenzidine (19) . Sections were transferred to a blocking solution containing 1.5% normal sheep serum in PBS, and then incubated overnight at room temperature with double-affinity purified rabbit-anti-GABA (20) in PBS (dilution: 1:8,000-1:16,000). Antibody binding was visualized using rabbit avidin-biotin immunoperoxidase (Vector Laboratories) with unintensified diaminobenzidine.
Retrogradely labeled and double-labeled neurons were identified at 750x and plotted at four to seven caudorostral levels at 30 x with a drawing tube. Cell counts were made from these plots. Fig. 1I:3) representations of the tonotopic sequence were targeted (21) . The medial division ( Fig. 1G: 2) and the dorsal division ( Fig. 1 H:3 and I, upper part of 4) were also injected. The deposits were confined to the MGB except for minor involvement of the lateral geniculate body; this cannot account for the present results since there is no projection from the IC to the lateral geniculate body (22) .
Patterns of Retrograde Labeling. Several thousand IC neurons were labeled ( Fig. 1 A-E) . Representative sections at intervals equidistant from the caudal (Fig. 1A) to the rostral (Fig. 1E) IC are shown; the pattern was similar in the intervening material. Among the retrogradely labeled neurons (Fig. 1 A-E, small dots) , nearly 20% colocalized GABA and WAHG ( Fig. 1 A-E, large dots) ipsilaterally and were classified as double-labeled (Table 1) . Such neurons had many black granules of silver-intensified colloidal gold in their cytoplasm and were strongly immunopositive (Fig. 2 A-C) ; they were differentiated readily from neurons that were either labeled only retrogradely (Fig. 2D) (23) . The ipsilateral projection neurons were distributed through the dorsolateral-to-ventromedial extent of the IC; this suggests that the tracer deposits probably spanned much of the topographic representation of frequency in each MGB division (24) (25) (26) . Single-and double-labeled neurons were also found in the lateral tegmental region of the midbrain (27) . Immunocytochemical evidence from postembedded material shows that principal cell perikarya receive six times more GABAergic axosomatic puncta than do GABAergic cells (48) . While the evidence that the GABAergic TT neurons are the source of this input is indirect, the predominantly axo-and dendrodendritic distribution of GABAergic synapses from intrinsic (44, 45) and extrinsic (14, 49) Neurobiology: Winer et aL tively, of the TT cells in these regions; the central nucleus had fewer, about 20%. Overall, 21% of the TT neurons were GABA-immunoreactive (range, 18-26%; Table 1 ). There was a wide range in size and shape among double-labeled neuronal somata, which included medium sized, spindle-shaped cells (Fig. 2C) , and the largest IC neurons, up to 33 ,um in average somatic diameter (Fig. 2B) . This variability matched the distribution reported for GABAergic cells in the central nucleus (28) .
DISCUSSION
This is the first demonstration of a GABAergic TT pathway (29, 30) , and it has implications for information processing in the auditory thalamus. We consider below the parallels between excitatory and inhibitory tectothalamic projections, comment on differences between the MGB and other thalamic sensory nuclei, and conclude with a speculation on the function of ascending GABAergic input in the larger context of thalamic substrates for inhibition.
The GABAergic TT projection ascends with the classical, presumably excitatory, input (2, 22) to the auditory thalamus (Fig. 3A) via the brachium of the inferior colliculus. Both pathways arise from all IC subdivisions, including an exclusively auditory component (central nucleus), input from multimodal IC regions (dorsal cortex; lateral nucleus), and extracollicular midbrain projections (tegmentum; sagulum) (22) .
Ascending, inhibitory projections may be common to all parts of the IC and to related parts of the midbrain. Two other implications follow from these observations. First, the high proportion of double-labeled cells suggests that surprisingly few IC GABAergic neurons have projections confined to the inferior colliculus. Perhaps the definition of a local circuit neuron should be enlarged to include GABAergic cells with both intrinsic and remote projections. A second conclusion is that the feedforward inhibition so prevalent in the auditory brain stem (31) (32) (33) is also found in the TT pathway.
Feedforward inhibition to the visual thalamus is limited, and in the somesthetic thalamus it is virtually nonexistent. Except for a few GABAergic retinal ganglion cells in rodents (34) , almost all ganglion cells and their axons are nonGABAergic (35, 36) . While they are not generally regarded as part of the primary pathway, the pretectal nuclei provide a significant GABAergic projection to the visual thalamus; this input is thought to inhibit local GABAergic thalamic neurons, thus disinhibiting thalamocortical cells (37) . GABAergic neurons are plentiful in the dorsal column nuclei, although none or few are presynaptic to neurons in thalamic somesthetic nuclei (38) .
This suggests that feedforward inhibition in the thalamic nuclei may be modality-specific (Fig. 3A) .
There is little physiological evidence available as to the functions that a putatively inhibitory ascending input to the MGB might serve. The largest GABAergic TT cells could convey monosynaptic inhibition rapidly to thalamocortical relay cells (Fig. 3B:c) . Such a projection might elicit inhibitory postsynaptic effects in the auditory thalamus prior to the influence of excitatory input. The smaller GABAergic TT cells presumably have slower conduction velocities, and consequently their postsynaptic effects would be expected to occur later. Among the candidate processes that inhibition might affect are the shaping of spectral cues (39) , modulating intensity-dependent inhibition (40) , enhancing selectivity for species-specific vocalizations (41) , altering the spontaneous discharge of thalamocortical cells (26) , or affecting the long term excitability of large populations of neurons (42) . Neither the large nor the small GABAergic TT cells are involved in early coding in the temporal domain or in the establishment of binaural properties, both of which are represented robustly at prethalamic levels (43) . Inhibition converging upon or arising within the thalamus may nonetheless influence these processes in ways that remain to be demonstrated.
Perhaps each of the four forms of GABAergic input to the MGB has a different and specific role. We speculate that the local axonal projections of Golgi type II cells (Fig. 3B:a) are well suited to enhance the coding and discharge synchrony of small ensembles of nearby thalamocortical neurons (44, 45) . The dendrodendritic synapses originating from local circuit cells (Fig. 3B:b) are situated ideally to suppress signal propagation along principal cell distal dendrites, thus amplifying the action of synapses nearer the spike initiation zone. Thalamic reticular nucleus input (Fig. 3B:d) could focus attentional processes by regulating modality-specific excitability (46) . Finally, the GABAergic TT pathway (Fig. 3B:c) might permit ascending inhibitory midbrain influences to reach MGB neurons monosynaptically and perhaps exert influence across a broad temporal spectrum.
These scenarios are inconsistent with the proposition that the auditory thalamus conveys ascending information passively to cortical or subcortical targets. GABAergic feedforward projections are a substantive and distinctive part of the classical ascending midbrain pathway to the auditory forebrain, and they may entail a unique mechanism gating the flow of collicular information through the thalamus.
